, and Bing Xu 1 * Dedication ((optional)) Abstract: Enzyme-catalyzed dephosphorylation is essential for biomineralization and bone metabolism. Here we report the exploration of using enzymatic reaction to transform biocomposites of phosphopeptides and calcium (or strontium) ions to supramolecular hydrogels as a mimic of enzymatic dissolution of biominerals. 31 P NMR shows that strong affinity between the phosphopeptides and alkaline metal ions (e.g., Ca 2+ or Sr 2+ ) induces the formation of biocomposites as precipitates. Electron microscopy reveals that the enzymatic reaction regulates the morphological transition from particles to nanofibers. Rheology confirms the formation of a rigid hydrogel. As the first example of enzymeinstructed dissolution of a solid to form supramolecular nanofibers/hydrogels, this work provides an approach to generate soft materials with desired properties, expands the application of supramolecular hydrogelators, and offers insights to control the demineralization of calcified soft tissues.
This communication reports the use of enzyme to convert solids to hydrogels. It is known that enzyme-catalyzed dephosphorylation is essential for hydroxyapatite mineralization in bone, [1] an important morphological transformation in biology.
Tissue nonspecific alkaline phosphatase (TNAP) hydrolyzes inorganic pyrophosphate to release phosphate, which binds with calcium to initiate and propagate the formation of hydroxyapatite crystal. [2] Thus the deficiency of alkaline phosphatase results in hypophosphatasia, exhibited as poorly mineralized bone. [3] Therefore, the use of enzymatic reaction to kinetically regulate the metabolism of bone in the context of extracellular matrices (ECM) could contribute for understanding bone diseases. Meanwhile, supramolecular hydrogels, driven by self-assembly of small molecules to form three-dimensional networks in water, has received increasing attention [4] because they exhibit considerable physical and mechanical resemblance to the ECM in human tissues. Based on the biological relevance of enzymes, we and others have been developing enzyme-instructed selfassembly and supramolecular hydrogelation. [5] Notably, almost all of the reported hydrogelation starts from a homogeneous solution state and is the result of sol-gel transition, with several exceptions that show the transition of homotypic suspensions of peptides to hydrogels.
[6] Though few efforts have focused on solid-gel transitions, solid-to-gel transitions occur in nature. For example, in pycnodysostosis, [7] osteoclast cells destroy only the apatite crystals, but maintain the extracellular matrix of bones. Such a process essentially acts as a form of solid-gel transition. Particularly, Smith et al. pioneered the use of a proteinase enzyme to effectively remove the nucleus pulposus, which provides a novel approach to restore calcified soft tissues. [8] More importantly, dynamic control of supramolecular selfassembly is emerging as a new model system for mimicking biological transformations.
[9] Inspired by the above fundamental advances, we design a phosphopeptide that binds alkaline earth metal ions (e.g., Ca 2+ and Sr 2+ ) to form biocomposite precipitates, which transform to a supramolecular hydrogel in the presence of an enzyme (i.e., alkaline phosphatase). Scheme 1 illustrates the concept of enzyme-instructed solidgel transition. A phosphopeptide (1P) interacts with calcium (or strontium) cations to form precipitated biocomposites, which are in equilibrium between dissolved and precipitated states. Upon the addition of the enzyme, the phosphopeptide turns into a hydrogelator (1), which self-assembles to form supramolecular nanofibrils constituting the matrices of a hydrogel. The metal cations, after dissociating from the phosphopeptides, re-deposit as calcium (or strontium) phosphates on the surface of the nanofibers of 1 when the calcium (or strontium) phosphate is saturated. Residing in a solid state, a solution phase, and a gel phase, the metal ions participate in dynamic phase transitions that parallel bone metabolism, a fundamental and biological transition that interconverts hard and soft materials. Our results not only confirm that the amount of the enzyme plays a key role in the kinetics of solid-gel phase transitions, but also suggest the solubility of the biocomposites contributes the dynamics of these transitions. As the first example of enzyme-instructed solid-gel transition, this work also promises a simple, biomimetic approach to offer useful insights for the solubilisation of calcified tissues. [10] Figure 1 shows the key molecules, steps, and results that achieve the concept in Scheme 1. The phosphopeptide (1P) consists of two L-amino acid residues and one D-amino acid residue (L-Phe-D-Phe-L-Tyr) in the backbone, a naphthyl group at the N-terminal, and a phosphate on the tyrosine residue. The essential design element is that, upon dephosphorylation of phosphotyrosine catalyzed by alkaline phosphatase (ALP), 1P would turn into the corresponding hydrogelator (1). [11] After a facile preparation of 1P by solid-phase peptide synthesis, [12] we dissolve 1P in a tris-HCl buffer (pH 7.4) with an initial concentration of 0.6 wt%. analysis via atomic absorption spectroscopy shows that the ratio of calcium and 1P in precipitate is 2:1. Since 1P dissolves readily in phosphate-buffered saline (PBS), the increase of ionic strength (due to the addition of the alkali metal salts) is likely not responsible for the observed precipitation. Because the addition of the metal cation to the solution of 1P directly results in precipitation, the ionic interactions between the phosphate group and Ca 2+ (or Sr 2+ ) are responsible for the observed precipitation.
Following lyophilisation, the biocomposite powder form a suspension in Ca3(PO4)2 saturated and tris-HCl buffered water ( Figure. S2 ). The use of saturated Ca3(PO4)2 is necessary since it prevents the re-dissolution of the precipitates. The addition of ALP (0.25 U/mL) into the suspension of Cax[1P]y dephosphorylates 1P to form 1, which self-assembles to result in supramolecular nanofibers as the matrices of the subsequently formed hydrogel. We observe the gradual transition from suspension to a semi-transparent hydrogel after five days, agreeing with the key step illustrated in Scheme 1.
To evaluate the interactions between 1P and metal ions, we use 31 P NMR spectroscopy to monitor the change in phosphate signal on the tyrosine phosphate after the addition of various amounts of the metal ions. As shown in Figure 2, Notably, a low intensity phosphate signal ( = 0) appears after 36h incubation, agreeing with the higher solubility of strontium phosphate than that of calcium phosphate.
[13-14] To examine the transition from the solid biocomposites to the hydrogels, we use transmission electron microscopy (TEM) to monitor the morphological changes upon the addition of various amount of ALP. After adding 0.25 U/mL ALP (upper panel of Figure. 3a), nanofibers and unstructured aggregates co-exist in the suspension of Cax[1P]y on the first day. Though the dominant morphology appears to be unstructured aggregates, the resulting nanofibers are able to stop water flow to form a hydrogel. Meanwhile, a considerable amount of precipitates occupy the bottom of the vial (inset, Figure. 3a ), indicating the initial phase separation between the precipitates and the hydrogel. In addition, energy-dispersive X-ray spectroscopy (EDX) analysis also confirms that the precipitates contain the elements of calcium ions and phosphate ( Figure. S5) . Notably, almost all precipitates disappear on the fifth day, and all the unstructured aggregates transform into uniform nanofibers with a width of 12 ± 2nm ( Figure. 3 ). This result indicates that ALP converts 1P to 1, which self-assembles to form nanofibers, and the resulting calcium phosphate deposits in the hydrogel matrix. On the fifteenth day, TEM shows two distinct types of nanofibers coated with the aggregates: the large nanofibers with the diameters of 14-38 ± 2 nm, the short, slim nanofibers with width 6-10 ± 2 nm. The appearance of thinner nanofibers indicates the re-organization of peptides, which may be associated with the dissociation of the calcium ions from the carboxylate of the peptides. Moreover, there are nanoparticles (14-46 nm) adhering to the bigger nanofibers, and the turbidity of the hydrogel slightly and evenly increase from the 5 th to 15 th day ( Figure. S6 ). This transition from uniform nanofibers to multiple morphologies is similar with the heterogeneous nature of bone. The reappearance of large nanoparticles over time is likely associated with "Ostwald-ripening". [15] The formation of more ordered structures over time suggests an annealing process, which may be related with the arrangement of C-terminal carboxylate during the self-assembly in the hydrogel. The addition of 0.05 U/mL ALP results in different kinetics of morphological/phase transition, evidenced by much less hydrogel formation on the fifth day. TEM images of the samples on the fifth day reveal the existence of more particulate precipitates. After 15 days incubation, considerable amounts of unstructured aggregates still adhere to the nanofibers. This situation is similar to the case of hypophosphatasia that low enzyme activity results in less ordered structures. Such difference indicates that the rate of dephosphorylation-and subsequently differences in the interactions between 1P and 1 with the calcium cations-plays an important role in determining the final structure of the mixture of the hydrogel and the recrystallized precipitates. These TEM results ( Figure. S8 ) agree with the observation that increasing the enzyme concentration enhances the supramolecular order of assemblies of small molecules. [16] The above results suggest that enzyme amounts Figure. S9) , in which uniform nanofibers on fifth day transform to two types of nanofibers on fifteenth day, the nanoparticles on the nanofibers are larger, indicating that Ostwald-ripening reorganization of strontium phosphates is faster than in the case of calcium phosphates. This difference suggests that the dynamics of strontium phosphates may be a factor in the bone remodelling process, a controversy that remains to be resolved.
[17] Meanwhile, we use rheometry to examine the solid-gel transition after the addition of ALP (0.05 U/mL) to the suspension of Cax[1P]y or Srx[1P]y. During first 40 min of the initiation stage, storage modulus (G') and loss modulus (G'') of the suspension of Cax[1P]y is almost constant, indicating that a low concentration of 1 has little influence on viscoelasticity of the sample. Notably, G' is amost ten-fold higher than G'', likely resulting from the large amount of precipates in the sample. Then, G' and G'' start to increase, and the ratio of G'/G'' is about 2.2 at 58 min, which represents the gelation point. Furthermore, the resulting stable hydrogel has G' value of 6.8 KPa, almost 1000 times of that of the hydrogel made by 1 (7 Pa) only, [11] suggesting that the inclusion of calcium ion in the hydrogels enhances rheological properties of the hydrogels. In the case of Srx[1P]y, which results from small amount of precipitates, G'' dominates G' during the first 20 min, suggesting that the sample behaves as a viscous liquid. This result also implies that large amount of precipitates might lead to large ratio of G' to G''. After 20 min, G' starts to dominate G'', behaving as a viscoelastic material. The gelation time (20 min.) is much shorter than that of Cax[1P]y, agreeing with the weak interaction between 1P and strontium ions which provides more unbound 1P available for dephosphorylation and subsequent self-assembly and hydrogelation. In addition, G' values of both the hydrogels are frequency indepenedent (0.1 rad/s to 200 rad/s), suggesting that the matrices of the hydrogels have good torelance to external force ( Figure. S10) . To further examine the morphological transition regulated by ALP, we use scanning electron microscopy (SEM) to evaluate the morphological changes of Cax[1P]y catalysed by ALP (0.25 U/mL). As shown in Figure. S11, on the first day, larger spherical aggregates dominate the plate-like structures, confirming the existence of large amounts of precipitated biocomposites. Interestingly, small spherical nanoparticles (around 80 nm) connect with each other to form large aggregates with lengths of several microns. At the fifteen days, most of spherical aggregates transform to a plate-like morphology. Together, TEM and SEM images provide a comprehensive details on the microstructures of the precipitates. The enzyme-regulated in-situ deposition of the resulting calcium phosphate likely contributes to the formation of smooth plates. Meanwhile, some spherical aggregates connect the plates, significantly enhancing the elasticity of the resulting hybrid hydrogels, further confirming the unique advantage of enzymatic transformation.
Moreover, we also test solid-gel transition of biocomposites containing 2P (Figure. S12) that is an enantiomer of 1P. 2P forms precipitate after binding with calcium and gradual transform to a hydrogel in the presence of ALP (0.25 U/mL) (Figure. S13). Based on natural occurring events like bone remodelling, enzyme-associated solid-gel transition of a biocomposite could be considered as a general process. Since the structural biology of bone formation [18] also confirms that the structure of peptides is another important factor, our future study will also explore the role of the structures of the phosphopeptides in the enzyme-instructed solid-gel transition.
In conclusion, we use an enzymatic reaction to shift the equilibrium of a solid substance dissolving in an aqueous solution, and to achieve a biomimetic solid-gel transition. This work not only provides a new method to prepare biological active soft materials, but also offers a useful way to control slow release of other bioactive agents, for example strontium ions [19] by allowing elaborated release profiles for enhancing bond strength. [20] Furthermore, such endogenous enzyme-instructed soft materials not only can serve as calcium phosphate source, [17b] but also provide favourable environment at interface of bone. [21] Such features might offer some unexpected beneficial effect on bond regeneration and bone adaption after surgery, which warrants further exploration.
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